ABSTRACT The response of the introduced red turpentine beetle, Dendroctonus valens LeConte, to host semiochemicals in Shanxi Province, China, was distinctly different from that reported in previous studies conducted in the western part of the native range of D. valens in the central Sierra Nevada, CA. This Þnding suggests either that there is regional variation in D. valens response to host volatiles in North America or that the species underwent rapid adaptation after its introduction into Asia. In the Chinese population of D. valens, (ϩ)-3-carene was the most attractive host monoterpene tested in studies conducted in 2002 using multiple funnel traps suspended in a Pinus tabuliformis stand. It attracted signiÞcantly more beetles than did any other single semiochemical or any of the ternary or quaternary blends tested, including the standard D. valens blend used in North America [a 1:1:1 blend of (ϩ)-␣-pinene, (Ϫ)-␤-pinene, and (ϩ)-3-carene]. (ϩ)-␣-Pinene and (Ϫ)-␤-pinene, presented individually, were not signiÞcantly more attractive than controls. Adding limonene to the standard lure decreased response of D. valens but not signiÞcantly. A new type of semiochemical release vial was tested using a range of release rates of a 1:1:1 blend of (ϩ)-␣-pinene, (Ϫ)-␤-pinene, and (ϩ)-3-carene. The rates ranged from 150 to 210 mg/d, and these were compared with the standard North American lure, which releases Ϸ110 mg/d. The most attractive of these vials, which released Ϸ150 mg/d, captured signiÞcantly more beetles than did the standard release device; however, increasing the release rate beyond 150 mg/d did not further increase trap catch. The implications of our results for the phylogenetic geography of D. valens and its management as an invasive species are discussed.
know its current distribution there. D. valens was Þrst reported from China in 1983 in Shanxi Province and was presumed to have been introduced in imported, unprocessed P. ponderosa logs sent to Shanxi from the west coast of the United States for use in mine construction (Yin 2000) . The Þrst large outbreak was seen in Shanxi Province in 1999 (Yin 2000 , Li et al. 2001 and was presumed to have resulted from several years of consecutive drought that stressed P. tabuliformis stands. Since the outbreak in 1999 in Shanxi Province, this exotic beetle has spread rapidly to the adjacent provinces of Hebei, Henan, and Shaanxi and has infested over 500,000 ha of Chinese pine stands, primarily those over 30 yr old, killing Ͼ4 million trees to date (J. Wu, State Forestry Administration, personal communication).
A DNA-based study is currently underway to determine the source/s of introduction of D. valens from North America into China, and preliminary results suggest more than one introduction, one of which is from the PaciÞc Northwest (A. Cognato, Texas A&M University, personal communication, and J. S., unpublished data). Multiple introductions may contribute to the successful establishment and degree of invasiveness of introduced pests because of the increased genetic diversity conferred (Barrett and Husband 1990) . Other factors, such as the potential for humanassisted transport, lack of competition or natural enemies, small organism size, and high reproductive potential, are also correlated with the invasiveness of non-native species (Sakai et al. 2001) , and these factors characterize D. valens in China. The potential damage from D. valens is thus catastrophic; therefore, effective measures for monitoring and controlling D. valens are desperately needed (Li et al. 2001 , Sun et al. 2003 . Insecticidal and fumigation measures to control D. valens have had only limited success and have undesirable environmental consequences, and silvicultural methods to reduce damage have not been effective in controlling damage (Li et al. 2001 , Miao et al. 2001 . The life cycle of D. valens in its Chinese hosts is more cryptic than in its native hosts, because in China the beetles colonize the root system more deeply than in North America, and they overwinter in the roots in their Chinese host trees (Li et al. 2001) . Semiochemical control measures, therefore, are presumed to be the most promising methods for use in China.
Although much progress has been made in elucidating pheromone-mediated aggregation of bark beetles, research has shown that host volatiles, rather than aggregation pheromones, may have more promise than pheromones for management of some species (Borden 1985 , Byers 1989 , Wood 1982 . In North America, D. valens is known to exploit host volatiles as kairomones in locating and selecting P. ponderosa (Vité and Gara 1962 , Owen 1985 , Erbilgin and Raffa 2000 , Erbilgin et al. 2001 , and volatile monoterpenes from undamaged and wounded/inoculated hosts have been shown to differentially affect the host selection behavior of D. valens (Klepzig et al. 1996) . reported attraction of D. valens to three chiral monoterpenes in Þeld assays, and those results were somewhat conÞrmed by laboratory electroantennogram assays . Hobson et al. (1993) identiÞed the principal kairomones for D. valens as (ϩ)-␣-pinene, (Ϫ)-␤-pinene, and (ϩ)-3-carene, with the pinenes as the principal attractants. They also presented evidence that (Ϫ)-␣-pinene, the antipode of the attractant (ϩ)-␣-pinene, serves to interrupt attraction of D. valens to (ϩ)-␣-pinene. The semiochemical blend of (ϩ)-␣-pinene, (Ϫ)-␤-pinene, and (ϩ)-3-carene, in a 1:1:1 ratio, is now commercially available as a D. valens lure (Phero Tech Corp., Delta, BC, Canada). The behavioral activity of this lure in China was recently conÞrmed in a large Þeld trial in Shanxi Province (Sun et al. 2003) . However, recent work by Erbilgin and Raffa (2000) conducted in Wisconsin showed that both enantiomers of ␣-pinene were weakly attractive to D. valens in Þeld tests, suggesting that the Wisconsin population may respond differently from the California population. This Þnd-ing led us to re-examine D. valens response to host volatiles in China, on the assumption that the Chinese population might also respond differently from the California population.
Our ultimate goal is to develop more effective semiochemical tactics for monitoring and managing D. valens populations in China. The well-documented role of host volatiles in D. valens host selection (Borden 1985 , Byers 1989 , Joseph et al. 2001 , Wood 1982 suggested that they could play an important role in this effort. Our objectives in this study were to (1) assess the roles of (ϩ)-␣-pinene, (Ϫ)-␤-pinene, (ϩ)-3-carene, and (ϩ)-limonene in attracting or interrupting attraction of D. valens, including sex-speciÞc effects; (2) assess attraction of various release rates of the commercially available kairomone blend; (3) test efÞcacy of a new vial releaser; and (4) quantify D. valens population ßuctuations over time. 
Materials and Methods
Study Area. The experiment was conducted in a 35-yr-old plantation of P. tabuliformis in the Niu Tou Mountains at the foot of the Tai Hang Mountains (N 37Њ28Ј E 113Њ02Ј; average elevation, 1,400 m), southeast of the city of Yuci, Shanxi Province. The 167-ha stand was relatively uniform in age (35 yr), diameter at breast height (DBH; Ϸ17 cm), and height (15 m). The site condition was poor, with rocky soils and low rainfall, but the area was well stocked despite the harsh site and extensive D. valensÐ caused mortality. For the previous 2 yr, D. valensÐinfested stumps had been treated with insecticide fumigation and sealed in plastic to prevent beetle emergence. Nevertheless, Ϸ20% of standing trees were currently suffering D. valens attacks at the time of the study.
Experimental Materials. We assessed the effect of varying monoterpene blends by baiting 8-funnel Lindgren traps, which are recommended by the manufacturer (Phero Tech, Delta, BC, Canada) for trapping D. valens with the recommended D. valens lure, and varied the relative proportions of the three monoterpenes and added another monoterpene, limonene, as a potential interruptant. The recommended lure consisted of three host monoterpenes: (ϩ)-␣-pinene, (Ϫ)-␤-pinene, and (ϩ)-3-carene, hereafter referred to as the "standard blend." The standard blend has been used extensively over the last decade for monitoring of D. valens populations in North America (Erbilgin et al. 2001 , Rappaport et al. 2001 ) and was thus intended as a standard of comparison. The monoterpenes (ϩ)-␣-pinene, (Ϫ)-␤-pinene, and (ϩ)-3-carene were also presented individually to determine whether or not the response of beetle populations in China corresponded with that of California populations in earlier tests ). (ϩ)-Limonene, a presumed interruptant or repellent, was obtained from ACROS Company (Leicestershire, UK). All other chemicals were obtained from Aldrich (Milwaukee, WI); their chemical purities were as follows: (Ϫ)-␤-pinene, 99%; (ϩ)-␣-pinene, 98%; (ϩ)-3-carene, 97%; (ϩ)-limonene, 96%. All of the lures in these assays consisted of closed 15-ml vials Þlled with monoterpenes to release an aggregate of 180 mg/d. Thus, for example, the treatment for (ϩ)-3-carene contained three times the amount of (ϩ)-3-carene as did the treatment using the standard blend. Blends of monoterpenes were assumed to release their constituents in ratios equal to their compositions, because the commercially available lure has been shown to release monoterpenes at rates very similar to their concentrations (J. P. Lafontaine, Phero Tech, personal communication).
We assessed the effect of different release rates and release vials by baiting Lindgren traps with various vial types that released the standard blend at different rates (Table 1 ). The standard, commercially available pheromone lures that were developed for use in North America (hereafter referred to as "standard lures") consisted of the standard blend released from a closed 15-ml polyethylene bottle at the rate of 110 mg/d (Phero Tech). This lure was used as a standard of comparison for treatments with higher release rates, which used different release devices. The new type of release bottle, hereafter referred to as the "Sun lure," was manufactured at the HongZhi Plastic Plant in Taiyuan, Shanxi Province, and was designed for three different intended release rates. Monoterpenes slowly migrated through the walls of those polyethylene bottles, with release rates adjusted by changing the wall thickness and size of the bottle. Release rates of the Sun lures were Þrst determined gravimetrically at the laboratory of the Institute of Zoology, Chinese Academy of Sciences, at a temperature of 21ЊC and later during the Þeld experiment for further conÞrmation. To simulate natural Þeld conditions, an electric fan was used to generate a wind speed of Ϸ1.2 m 3 /s. Generally, the release rates in the Þeld were higher than in the laboratory because of high temperatures during the trapping period (mean temperature Ͼ Monoterpenes, blend released from lure, Ratio, ratio of monoterpenes in blend; all release devices were Sun devices except for the 110 mg/d treatment, which was the standard (Phero Tech) lure; N ϭ 10 for each treatment.
Means in the same column followed by a different letter are signiÞcantly different at ␣ ϭ 0.05 using the Bonferroni approach (multiple comparisons applied within the monoterpene blend test and the monoterpene release rate test, not across the two tests).
27ЊC) and strong winds. We therefore report the actual Þeld release rate in this paper, whereas the laboratory rate was used only as reference for experimental design and manufacture of the release bottles. Three kinds of bottles, with release rates of Ϸ150, 180, and 210 mg/d, were eventually manufactured and used in the study. Chemical purities of components of the standard lure and the Sun lures, all of which were obtained from the same source, were as follows: (Ϫ)-␤-pinene, 99%; (ϩ)-␣-pinene, Ͼ95%; and (ϩ)-3-carene, 97%.
Experimental Design and Statistical Analysis. A total of 12 treatments with 10 replicates each were applied in the study (Table 1) . We chose to use this large number of replicates rather than re-randomizing at frequent intervals, which is sometimes done to correct for overdispersed Poisson-distributed responses such as are common with scolytid trapping experiments (S. Mori, USDA Forest Service, Berkeley, CA, personal communication). To test efÞcacy of differing blends, 90 trees were randomly selected with trees 50 m apart in a grid; treatments were randomly assigned to each tree. The choice of semiochemical blends was based on previous work on D. valens and its congeners as described above , Smith 1993 , 1994 , 1995 , Rappaport et al. 2001 , Sun et al. 2003 ) and resin composition of P. tabuliformis (Jin et al. 1994 , J. S., unpublished data). To test release rate and release device differences, 30 more trees were randomly selected at least 50 m apart and 50 m from any lure efÞcacy tree in a grid within the same stand. Ten traps baited with Phero Tech lures (110 mg/d) were used as a standard of comparison or positive control, whereas the baited control, releasing at the rate of 180 mg/d, from the Þrst part of the experiment was also used as a treatment in the release rate portion of the study. Ten traps without baits were used as negative controls. In both treatments, eightfunnel Lindgren traps baited with either the standard lure (Phero Tech) or the Sun lure was suspended between trees, with the bottom of the collection cup Ϸ10 cm above ground level, the level at which D. valens attacks trees. A plastic insecticidal strip saturated with 2,2-dichlorovinyl dimethyl phosphate (Hercon Vaportape II insecticidal strips; Hercon Environmental Co., Emigsville, PA) was put in each collection cup as a killing agent. The experiment was set up on 29 April 2002, and traps were checked every 5Ð7 d until 20 July 2002. Beetles captured in each trap on each date were counted, sexed, and recorded. Voucher specimens were deposited in the Institute of Zoology, Chinese Academy of Sciences, Beijing, China.
Treatments were replicated 10 times in a completely randomized design (Table 1) . Trap counts were analyzed with generalized linear models for overdispersed Poisson distributed responses (counts) (McCullough and Nelder 1989) . Results are presented in tables as means and SD. Multiple comparisons were based on the maximum likelihood ratio test with the Bonferroni approach (experiment-wise ␣ ϭ 0.05). SAS GENMOD procedures (SAS Institute 1997) were used for the analysis.
Results and Discussion

Effect of Varying the Blends of Monoterpenes.
In strong contrast with previous results by Hobson et al. (1993) and White and Hobson (1993) , (ϩ)-3-carene attracted signiÞcantly more D. valens than any other individual compound or blend (Table 1 ). The next most attractive treatment was the combination of (ϩ)-␣-pinene ϩ (Ϫ)-␤-pinene ϩ (ϩ)-3-carene (1:1:3), followed by the standard blend, (ϩ)-␣-pinene ϩ (Ϫ)-␤-pinene ϩ (ϩ)-3-carene (1:1:1). The amount of (ϩ)-3-carene, therefore, seemed to be the most important factor determining trap catch. Varying the amount of (Ϫ)-␤-pinene in the standard D. valens semiochemical lure did not affect trap catch, nor did (ϩ)-␣-pinene or (Ϫ)-␤-pinene, when presented in single-component baits, attract signiÞcantly more beetles than did the unbaited controls. This result, coupled with the fact that (ϩ)-3-carene, when presented solo, attracted signiÞcantly more beetles than did the any of the ternary blends of (ϩ)-␣-pinene ϩ (Ϫ)-␤-pinene ϩ (ϩ)-3-carene, suggests that neither (ϩ)-␣-pinene nor (Ϫ)-␤-pinene affects the response of D. valens in China. This result was surprising because previous studies had shown that (ϩ)-␣-pinene and (Ϫ)-␤-pinene were behaviorally active at both the neural and behavioral levels. Our result indicates that (ϩ)-3-carene is the most important primary attractant for D. valens in China and suggests that D. valens, like many other scolytids, may display regional variation in response to semiochemicals (Miller et al. 1997 , Erbilgin et al. 2001 ). The addition of (ϩ)-limonene reduced the trap catch by the standard blend (Table 1 ), but this difference was not signiÞcant. This result was not surprising because Smith (1963 Smith ( , 1965 had earlier demonstrated the repellency and toxicity of limonene to beetles in the genus Dendroctonus, and our results merely conÞrm his results with a congener.
Unfortunately, there has been little research into possible geographic variation in response to host volatiles by D. valens, but we are currently engaged in a transcontinental study to remedy that situation. Early results suggest at least some degree of variability even among sites in western North America (N. E. Gillette, unpublished observations). P. ponderosa needle and resin volatiles are composed principally of the three monoterpenes used in the commercial lure, with smaller amounts of myrcene and limonene (Mirov 1961 , Smith 1964 , Latta et al. 2000 . SigniÞcant regional variation in P. ponderosa monoterpene composition exists, however (Smith 2000) . In some northern California populations, for example, ␣-pinene predominates, whereas in some central California populations, 3-carene predominates. In addition, Smith (1977 Smith ( , 2000 showed that some P. ponderosa families are very high in limonene and that limonene vapors (and secondarily 3-carene vapors) are toxic to Dendroctonus brevicomis LeConte (Smith 1963 (Smith , 1965 ). Although there is regional variation in monoterpene composition, P. ponderosa is nevertheless uniquely high, among its congeners, in 3-carene, which is regarded as the "signature" monoterpene of P. ponderosa (Mirov 1961) . The composition of needle monoterpenes of P. tabuliformis is reported to be similar to that of P. ponderosa (Jin et al. 1994 , Latta et al. 2000 , but a better understanding of the chemical ecology of D. valens and a more extensive analysis of regional variation in P. tabuliformis resin composition are required to fully assess the implications for D. valens management in China. Further studies including the behavior, neurophysiology, and genetics of D. valens in North America and China are needed to understand these differences in response. Based on these results, however, it is clear that (ϩ)-3-carene has real potential for monitoring, and perhaps controlling, D. valens in China.
Sex-Specific Effects. There was no signiÞcant difference in response by males and females to any of the treatments (Fig. 2) , which is in agreement with other reports , Sun et al. 2003 . Similar results were seen in a study with the closely related black turpentine beetle, Dendroctonus terebrans (Olivier) (Delorme and Payne 1990) , and in previous studies with D. valens in California (N. E. Gillette, unpublished observations). Our study, however, included different monoterpenes, different combinations, and different release rates than were tested in earlier studies.
Effect of Release Rate. There was some variation in catch among the four different release rates using a Þxed ratio (1:1:1) of (ϩ)-␣-pinene:(Ϫ)-␤-pinene: (ϩ)-3-carene, but only the lowest release-rate lure, which used a different type of release vial from the other three lures, was signiÞcantly different from the others. Fatzinger (1985) reported that the black turpentine beetle responded positively to increased release volumes of turpentine and ethanol, so we had expected that increasing release rates might increase attraction. Although the 110-mg release vial trapped signiÞcantly fewer beetles than did the other release rates, there was no signiÞcant difference in response at release rates of 150, 180, and 210 mg/d. Attraction of D. valens to vials releasing 110 mg/d was previously demonstrated in a site close to the current study site in Shanxi using Phero Tech lures, where the mean catch per trap per day was Ϸ12 and 14 beetles/d in two experiments (Sun et al. 2003) . That is higher than the trap catch in this study, where the Phero Tech lure caught only Ϸ7 beetles/d. However, the infestation in that stand in 2001 was 60% higher than this site.
Adult Population Fluctuation. In the southern United States, two to three generations of D. valens may develop per year (Eaton and Rodrṍguez Lara 1967) . In Shanxi Province, China, it has been suggested that after the overwintering generation emerges, a second, smaller, generation of D. valens may appear in late July or August (Miao et al. 2001) , but the evidence supporting that conclusion is not clear. In our study, D. valens adults emerged in May as previously reported (Li et al. 2001 , Sun et al. 2003 , with the rate of emergence apparently depending on temperature. The weather was slightly warmer in most parts of northern China in 2002, which probably inßuenced the D. valens emergence date. The peak emergence occurred in late May (Fig. 3) and lasted until early June, with a slight dip in mid-May, which was probably attributable to cooler weather. After late May, there were no smaller subsequent peaks, suggesting that, in this locality, there may be only a single generation per year. Although these results do not resolve the question of voltinism of D. valens in China, they clearly demonstrate that the window for control in Shanxi Province should be focused on the peak in May. Conclusions. Our results underscore the importance of site-speciÞc testing of semiochemical blends and highlight the need for a full understanding of the phylogenetic geography of introduced pest species. The difference in response to host volatiles by Asian and North American populations suggests either that there is regional variation in D. valens response to behavioral chemicals in its native range or that the species adapted remarkably rapidly in its new environment. We are currently in the process of sampling D. valens molecular genotype and behavioral response to host volatiles across its distribution in North America and China to determine whether any population in its native range has the strong response to (ϩ)-3-carene seen in China and whether there is corollary genetic and behavioral variation in the Chinese populations. Molecular genetic data have been used successfully to estimate sources of biological invasions (Davies et al. 1999) , and behavioral chemistry has also been shown to have a geographic basis (Miller et al. 1997) . A fuller understanding of such patterns of phylogenetic geography will be essential for the management of D. valens both in China and North America. For example, if the populations of D. valens in China prove to be from a single North American source, the introduced beetles may be more or less uniform in their response to host semiochemicals and a single semiochemical blend may function in the management of this introduced pest. However, if molecular genetic and semiochemical studies reveal variable genotypes and phenotypes of D. valens in China, its management with semiochemicals may be more challenging than had been hoped. Inasmuch as research Þndings in China have stimulated further study of geographic variation in the native range of D. valens, North American land managers may inadvertently beneÞt from the accidental introduction of this pest into Asia.
From a pragmatic standpoint, our results provide a new, more effective single-component lure for use in monitoring and trapping of D. valens in China. The information that D. valens in China responds most strongly to (ϩ)-3-carene as an attractant is immensely useful for monitoring and trapping, because of the expense of pheromone-grade monoterpenes. Our Þndings suggest that the standard commercial lure for D. valens in North America may not, in fact, be optimal for all populations. This new Þnding is being tested in other parts of the range of D. valens, in part to maximize trapping efÞcacy in North America and in part to determine the original source/s of introduction of D. valens from North America to Asia. Such knowledge is often helpful in optimizing biological control and semiochemical control programs, because it incorporate factors that may vary regionally within a species.
